One member of a new family of metalloproteinases, a disintegrin and metalloproteinase with thrombospondin-like motifs-1 (ADAMTS-1), has been found to be expressed and hormonally induced in granulosa cells of ovulating rodent follicles. Furthermore, the targeted disruption of the ADAMTS-1 gene resulted in ovarian defects associated with severely impaired fertility. While these data demonstrate the importance of ADAMTS-1 in rodent ovarian physiology, the potential role of ADAMTS-1 in the ovulatory process of monoovulatory species remains unknown. The objectives of this study were to clone the equine ADAMTS-1 primary transcript and to study its regulation during human chorionic gonadotropin (hCG)-induced ovulation. A 3573 bp follicular cDNA library clone was isolated and found to encode a nearly complete, highly conserved ADAMTS-1 homologue. Real-time RT-PCR analysis detected this transcript in diverse tissues, including previously unreported sites of ADAMTS-1 expression such as the male reproductive tract, the follicular theca interna and the mature corpus luteum. The tissue distribution of the progesterone receptor (PR), a known regulator of ADAMTS-1 expression in rodent preovulatory follicles, was found to overlap that of ADAMTS-1 in some tissues. A study of the regulation of follicular ADAMTS-1 and PR mRNAs during the hCG-induced ovulatory process revealed distinct patterns of regulation in granulosa cells and in theca interna. In granulosa cells, ADAMTS-1 mRNA was found to be induced at 12 h post-hCG (P<0·05), followed by a return to basal levels by 30 h and a re-increase at 33-39 h (P<0·05). A concomitant increase in PR mRNA (P<0·05) was observed at 12 h post-hCG. In theca interna, abundant ADAMTS-1 mRNA was detected at all timepoints, and levels increased transiently at 33 h post-hCG (P<0·05), whereas no significant change was observed in PR mRNA.
Introduction
The expulsion of the oocyte at the moment of ovulation is dependent upon the localized breakdown of the ovarian follicle. For this to occur, it is thought that a proteolytic degradation mechanism activated by the luteinizing hormone (LH) surge acts to breach the connective tissues of the follicle wall (Tsafriri & Reich 1999) . This theory has led researchers to propose numerous different enzymes as potential direct mediators of proteolysis or components of cascades leading to their activation (Espey & Lipner 1994 , Richards et al. 1998 , Tsafriri & Reich 1999 .uPA), which are induced by LH and could serve to activate collagenase (Richards et al. 1998 , Tsafriri & Reich 1999 . However, the generation of tPA/uPA double knockout mice whose ovulation rate is only slightly reduced (Leonardsson et al. 1995) suggests either that these may not be essential for ovulation, or that other functionally redundant mechanisms can compensate for their loss. Attention has also been focused on the matrix metalloproteinase (MMP) family, many of which are expressed in the ovary (Curry & Osteen 2001) . Gene expression and zymographic analyses of proteolytic activity during the periovulatory period have implicated interstitial collagenase (MMP-1, MMP-13 in rats), the gelatinases (MMP-2 and -9) and possibly the stromelysin-like MMP-19 in the breakdown of the follicle wall (Richards et al. 1998 , Hagglund et al. 1999 , Tsafriri & Reich 1999 , Robker et al. 2000b , Curry & Osteen 2001 . In addition, MMP-14, which activates and is coordinately regulated with MMP-2 in the ovary, may also play a role (Sato et al. 1994 , Liu et al. 1998 , Hagglund et al. 1999 . The significance of these data has, however, been blurred by additional findings, such as the expression and activity of many of these enzymes at other stages of follicular and luteal development (Robker et al. 2000b , Curry & Osteen 2001 , and that MMP-2 and -9 null mice are fertile (Itoh et al. 1997 , Vu et al. 1998 , Richards et al. 2002 . Furthermore, several tissue inhibitors of metalloproteinases (TIMPs) are expressed at various stages of the ovarian cycle, and TIMP-1 expression is induced by LH coordinately with several MMPs (Hagglund et al. 1999 , Tsafriri & Reich 1999 , Curry & Osteen 2001 , Simpson et al. 2001 . The exact role (if any) of each of these genes in ovulation therefore remains largely speculative. A more recently identified proteolytic enzyme expressed in the ovarian follicle is a disintegrin and metalloproteinase with thrombospondin-like motifs-1 (ADAMTS-1) (Robker et al. 2000b) . Originally described as being selectively expressed in a murine colon adenocarcinoma cell line and up-regulated during the inflammatory response (Kuno et al. 1997) , ADAMTS-1 was subsequently shown to associate with the extracellular matrix (ECM) (Kuno & Matsushima 1998) and to possess angio-inhibitory activity (Vazquez et al. 1999) . Insight into its physiological functions was gained by its targeted disruption, which resulted in multisystemic abnormalities including uterine and ovarian defects associated with severely impaired fertility (Shindo et al. 2000) .
A potential role for ADAMTS-1 in ovarian physiology was also revealed by other groups seeking to identify LH-induced genes and progesterone receptor (PR) transcriptional targets (Espey et al. 2000 , Robker et al. 2000a . Progesterone has long been known to be a key paracrine mediator of ovulation in rodents, as its synthesis increases dramatically during the ovulatory process, along with ovarian PR expression (Richards 1994) . Furthermore, pharmacological inhibition of its synthesis and action blocks ovulation (Tsafriri & Reich 1999) and, most importantly, PR null mice show an anovulatory phenotype (Lydon et al. 1995) . While many mechanisms could account for the importance of progesterone in ovulation, a current hypothesis maintains that the preovulatory increase in progesterone could trigger the proteolytic degradation of the follicle wall (Tsafriri & Reich 1999) . Consistent with this, differential display RT-PCR identified ADAMTS-1 as a gene that is transiently induced in the granulosa cell layer of ovarian follicles following the LH surge, and at a time also subsequent to PR induction (Espey et al. 2000 , Richards et al. 2002 . It was further demonstrated that ADAMTS-1 induction is sensitive to the progesterone synthesis inhibitor epostane (Espey et al. 2000) and is markedly impaired in PR null mice (Robker et al. 2000a,b) , thereby situating this event downstream of the induction of progesterone synthesis and PR expression. While it can be inferred from these studies that ADAMTS-1 is a likely key player in the ovulatory process, its exact role in the follicle remains unknown (Richards et al. 2002) . Furthermore, all studies of ovarian ADAMTS-1 expression reported thus far have been limited to rodents, rendering unknown the importance of ADAMTS-1 in the ovarian physiology of large monoovulatory species. In view of this, the general objective of this study was to determine if ADAMTS-1 is expressed and hormonally regulated in equine preovulatory follicles, thereby providing an important monoovulatory model system for the future study of ovarian ADAMTS-1 function. The specific objectives were to clone and characterize the equine ADAMTS-1 primary transcript, and to study its regulation as well as that of PR in preovulatory follicles during human chorionic gonadotropin (hCG)-induced ovulation. 
Materials and methods

Materials
Isolation of equine tissues and RNA extraction
Equine preovulatory follicles and corpora lutea were isolated from Standardbred and Thoroughbred mares at specific stages of the estrous cycle as previously described (Boerboom & Sirois 1998) . Briefly, mares were teased daily with a pony stallion for detection of estrus, and ovarian follicular development was monitored by transrectal realtime ultrasonography. The ovulatory process was induced by administration of hCG (2500 IU, i.v.) once the dominant follicle had reached a diameter of 35 mm. Ovariectomy was performed via colpotomy on the standing animal under neuroleptanalgesia as described (Boerboom & Sirois 1998) at 0, 12, 24, 30, 33, 36 and 39 h post-hCG (n=4 or 5 follicles/timepoint). In this model, the normal expected time of ovulation in mares is 39-42 h after hCG treatment (Boerboom & Sirois 2001) . Corpora lutea were isolated on day 8 of the estrous cycle (n=3; day 0=day of ovulation). Each follicular sample detailed in the text therefore represents the single preovulatory follicle from a given estrous cycle of a single mare. All animal procedures were approved by the institutional animal care and use committee (Comité de Déontologie Animale de l'Université de Montréal) and were conducted in accordance with the guidelines described in The UFAW Handbook on the Care and Management of Laboratory Animals as well as FRAME's guidelines on papers involving the use of laboratory animals, as promulgated by the Society for Endocrinology.
The preovulatory follicles from recovered ovaries were dissected into preparations of follicle wall (theca interna with attached granulosa cells) or further dissected into separate isolates of granulosa cells and theca interna as described (Boerboom & Sirois 2001) . In some instances, follicle wall, granulosa cell and theca interna samples were derived from the same follicle. Male gonadal tissues were obtained from the Centre Hospitalier Universitaire Vétérinaire (Université de Montréal) following routine castration procedures. Uterine tissues were endometrial biopsy samples removed from pregnant or nonpregnant mares at precisely cycle day 15, and were a gift from Dr Denis Vaillancourt (Université de Montréal, Canada). All other tissues were obtained at a local slaughterhouse. Total RNA was isolated from tissues using TRIzol reagent (Life Technologies) according to manufacturer's instructions, using a Kinematica PT 1200C Polytron Homogenizer (Fisher Scientific, Montréal, Canada) and quantified by spectrophotometry according to standard protocols (Sambrook et al. 1989 ).
Cloning and characterization of the equine ADAMTS-1 cDNA and protein
The equine ADAMTS-1 cDNA was isolated from a previously described expression library (Boerboom & Sirois 1998) made from RNA extracted from an equine preovulatory follicle isolated during estrus, 36 h after hCG treatment. Screening of approximately 150 000 phage plaques was performed as directed in the ZAP-cDNA Synthesis Kit instruction manual (Stratagene), using a 1·5 kb fragment of murine ADAMTS-1 genomic DNA (which includes a part of the 3 coding region (D L Russell & J S Richards, unpublished observation)). The probe was labeled with [ -32 P]dCTP using the Prime-a-Gene labeling system (Promega) to a final specific activity greater than 1 10 8 c.p.m./µg DNA, and hybridization was performed at 55 C with QuikHyb hybridization solution (Stratagene). Of approximately 100 positive clones obtained, ten were selected for plaque purification through secondary and tertiary screening. The Ex-Assist/SOLR system (Stratagene) was then used to perform in vivo excision to obtain the cloned cDNAs inserted within the pBluescript plasmid. Sequencing was performed by the Service de Séquençage de l'Université Laval (Québec, Canada) using vectorbased T7 and T3 oligonucleotide primers and ADAMTS-1 sequence-specific primers (Invitrogen).
Nucleotide analyses were performed using MacDNASIS software version 2·0 (Hitachi, Hialeah, FL, USA), and comparisons with GenBank databases were performed online by standard nucleotide-nucleotide BLAST analyses (Altschul et al. 1997) at the National Center for Biotechnology Information website (www.ncbi.nlm.nih.gov). Protein sequence comparisons were made online by standard protein-protein BLAST analyses (Altschul et al. 1997) at the same website; homologous proteins were aligned using the CLUSTALW v1·7 software (Thompson et al. 1994) online at the Protein Information Resource of the National Biomedical Research Foundation (pir.georgetown.edu/pirwww) (Wu et al. 2002) . Functional domains within the ADAMTS-1 protein were identified by online BLAST analyses (Altschul et al. 1997 ) against the ProDom 2001·3 Protein Domain Database at the ProDom project website (http://prodes.toulouse.inra.fr/prodom/ doc/prodom.html).
Real-time RT-PCR analysis
Quantification of ADAMTS-1, PR and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts was performed by real-time RT-PCR analysis using the LightCycler system (Roche) and either the LightCycler RNA Amplification Kit for Hybridization Probes (Roche) or the QuantiTect Probe RT-PCR Kit (Qiagen), following the manufacturer's instructions. RT and PCR reactions were conducted sequentially in a single capillary reaction tube using 100 ng of each RNA sample and the equine gene-specific oligonucleotide pairs 5 -TCGTG TAACA TCGAG GACTG TCC-3 and 5 -AGATC CATTT CCTCC GCAAA TACC-3 for ADAMTS-1, 5 -ACTTC TTAAT ACAAT TCCTT TGGAA G-3 and 5 -GAACT AGAAA CAACT CCTTT TGGCC-3 for PR (GenBank accession number AF007798) and 5 -ATCAC CATCT TCCAG GAGCG AGA-3 and 5 -GTCTT CTGGG TGGCA GTGAT GG-3 for GAPDH (GenBank AF157626), resulting in the generation of 348, 126 and 341 bp products respectively. Cycling conditions using the kit supplied by Roche were one cycle of 55 C for 20 min (RT step), one cycle of 95 C for 30 s (denaturation step), 45 cycles of 95 C for 5 s, 59 C (ADAMTS-1) or 55 C (GAPDH) for 15 s and 72 C for 20 s (PCR step), and one cycle of 40 C for 30 s (cooling step). Binding of the probes to their complementary sequences on the PCR products permits fluorescence resonance energy transfer between donor (fluorescein) and acceptor (LC red 640) dye molecules. Fluorescence vs cycle number data curves were compared with standard curves generated by the PCR amplification of plasmid DNA samples of known concentration, thereby permitting the calculation of an absolute number of copies of target RNA molecules in each sample.
Statistical analysis
All mRNA quantification data were normalized by dividing ADAMTS-1 or PR transcript copy numbers by their corresponding GAPDH copy numbers, which were quantified in separate real-time RT-PCR reactions. In the case of follicular tissues, for which multiple samples were analyzed for each timepoint, results are expressed as means S.E.M. (n=3-5 follicles (i.e. mares)/ timepoint). When Levene's test demonstrated homogeneity of variance, one-way ANOVA was used to test the effect of time (after hCG) on ADAMTS-1:GAPDH or PR:GAPDH transcript level ratios. When ANOVAs indicated significant differences (P,0·05), Dunnett's test was used for multiple comparisons with the control (0 h posthCG). If Levene's test showed heterogeneity of variance, data were transformed to logarithms before ANOVA analysis. In cases when logarithmic transformation did not result in homogeneity of variance, the nonparametric Wilcoxon test was used for multiple comparisons with the control (0 h post-hCG). By this method, the nonparametric test was applied to all data sets except those presented in Fig. 4A and the PR data in Fig. 5B . Statistical analyses were performed using JMP software (SAS Institute, Inc., Cary, NC, USA).
Results
Cloning and characterization of the equine ADAMTS-1 transcript and protein
To clone the equine ADAMTS-1 primary transcript, a fragment of the murine ADAMTS-1 gene was used to probe a previously described equine follicular expression library (Boerboom & Sirois 1998) . This resulted in the isolation of ten cDNA clones encoding the equine ADAMTS-1 homologue, the longest of which (clone A5) was sequenced extensively (Fig. 1 , GenBank accession number AF541975). The 3573 bp cDNA included 1292 bp of 3 -untranslated region, preceded by an open reading frame of 2281 bp that was found to be incomplete at its 5 end, when aligned with its human homologue (Fig. 1A) . Attempts to isolate the 5 end of the equine ADAMTS-1 transcript using a variety of library cloning, 5 -RACE and RT-PCR techniques proved to be unfruitful. This was attributed to the .80% G-C content of the first 100 bp of the equine cDNA clone, a structural feature that would easily block efficient reverse transcription. By homology with the known murine ADAMTS-1 gene structure (GenBank accession number AB001735), clone A5 apparently lacks most of the sequences derived from exon I.
When translated, cDNA clone A5 was found to encode a nearly complete ADAMTS-1 protein which, by comparison with its species homologues, lacks only the propeptide and signal sequence regions (Fig. 2) . The region encompassing the key structural features (catalytic domain, disintegrinlike domain, spacer region and thrombospondin type I domains) was shown to be highly conserved, demonstrating 95, 92 and 92% identity to the human, mouse and rat ADAMTS-1 proteins respectively. Sites of proteolytic processing of the ADAMTS-1 protein by furin and MMPs previously identified in other species (Kuno et al. 1999 , Rodriguez-Manzaneque et al. 2000 were found to be conserved in the equine homologue. In addition, three of the four putative N-linked glycosylation sites identified in the murine homologue (Kuno et al. 1997) were also found to be present in equine ADAMTS-1.
Tissue distribution of ADAMTS-1 and PR transcripts
To study the distribution of ADAMTS-1 transcripts in equine tissues, steady-state mRNA levels were quantified by real-time RT-PCR. ADAMTS-1 transcripts were detected in a wide variety of non-ovarian tissues, several of which had not been previously identified as sites of ADAMTS-1 expression in any species, including lymph nodes, epididymis and testis (Fig. 3) . As PR had previously been identified as an upstream regulator of ovarian ADAMTS-1 expression (Espey et al. 2000 , Robker et al. 2000a , analyses of its transcript levels were performed on the same tissues. While the distribution of PR was found to overlap that of ADAMTS-1 in some tissues, PR but not ADAMTS-1 was detected in the glandular stomach. Conversely, in the liver and skin, ADAMTS-1 mRNA was detected in absence of PR. Furthermore, it should be noted that while PR and ADAMTS-1 mRNA levels were comparable in uterine and ovarian tissues (Figs 3 and 4) , PR transcripts were generally two orders of magnitude less abundant than ADAMTS-1 in all other tissues, as indicated in the labels of the axis in Fig. 3 .
To determine if ADAMTS-1 transcripts are present in mature ovarian follicles and whether their levels are regulated by the LH surge, preovulatory follicles were isolated before and after the administration of an ovulatory dose of hCG, and steady-state ADAMTS-1 mRNA levels were quantified (Fig. 4A) . In contrast to previous reports in rodents (Espey et al. 2000 , Robker et al. 2000a ), expression of ADAMTS-1 mRNA was detected in equine follicles before the LH surge (i.e. 0 h post-hCG). Although ADAMTS-1 transcript levels Figure 2 Domain structure of the equine ADAMTS-1 protein and comparison with known homologues. The deduced amino acid sequence of the equine ADAMTS-1 protein is aligned with the human (GenBank accession number AF207664), mouse (NM_024400) and rat (NM_009621) homologues. Identical residues are indicated by a printed period. Specific regions and domains are bordered by vertical lines with arrows and identified overhead in boldface type. Putative furin (RKKR) and MMP (AKPG) proteolytic processing sites are double-overlined, and the specific point of cleavage is indicated with an inverted arrow. The neutral zinc metallopeptidase zinc-binding region contained within the metalloprotease domain is indicated with a dashed double overline. Putative N-linked glycosylation sites are indicated with asterisks. Numbers on the right refer to the last amino acid residue on that line. appeared to increase approximately 2-fold at 12 h post-hCG, no statistically significant differences could be detected when compared with 0 h (P.0·10). Also unexpectedly, the highest amounts of ADAMTS-1 mRNA of all tissues analyzed were detected in the mature (day 8) corpus luteum, a tissue that had not been previously reported to express ADAMTS-1 in any species. Unlike ADAMTS-1, a significant increase in PR transcript levels was noted at 12 h post-hCG (P,0·05), after which they rapidly decreased, and reached their 
ADAMTS-1 and PR regulation in equine follicles
Figure 4
Regulation of ADAMTS-1 and PR mRNAs in equine preovulatory follicles during hCG-induced ovulation. ADAMTS-1, PR and GAPDH mRNA levels were quantified by real-time RT-PCR using the LightCycler system, and data were normalized by calculating ADAMTS-1:GAPDH or PR:GAPDH copy number ratios. Five RNA samples were used for all timepoints issues except for t=0 h (n=4) and corpora lutea (CL) (n=3). Data are expressed as means (columns)±S.E.M. (error bars). Follicle wall mRNA preparations were obtained from preovulatory follicles at the indicated times after the administration of an ovulatory dose of hCG, CL were isolated on day 8 of the estrous cycle. Statistically significant difference (P<0·05) from the untreated preovulatory follicle (i.e. 0 h post-hCG) is indicated with an asterisk (*).
lowest point at 36 h (Fig. 4B) . PR mRNA was also readily detectable in the corpus luteum, although at much lower abundance than what was observed in 12 h post-hCG follicle wall.
Regulation of ADAMTS-1 and PR mRNAs in granulosa cells and theca interna
To investigate the unexpected absence of ADAMTS-1 mRNA regulation in the follicle wall during the ovulatory process, real-time RT-PCR analyses were performed on separate isolates of granulosa cells and theca interna. In granulosa cells, ADAMTS-1 mRNA was found to be markedly induced at 12 h post-hCG (P,0·05), followed by a return to basal levels by 30 h (Fig.  5A ). Interestingly, mRNA levels then exhibited a secondary increase that reached a plateau at 36 h (P,0·05). Consistent with its established role as a regulator of ADAMTS-1 expression in rodent granulosa cells, PR mRNA levels were also found to increase significantly at 12 h (P,0·05), and to subsequently decrease to their lowest point at 30 h. However, no significant secondary re-increase in PR mRNA levels (P.0·10) was observed thereafter, even though levels appear to rise after 30 h post-hCG (Fig. 5A ). Unlike ADAMTS-1, PR transcripts were detected at t=0 h. In contrast with in situ hybridization data reported in rodents (Espey et al. 2000 , Robker et al. 2000a , theca interna was found to be an important site of equine ovarian ADAMTS-1 expression (Fig. 5B) . Appreciable amounts of ADAMTS-1 mRNA were detected at 0 h, accounting for the unexpected levels detected in follicle wall at the same timepoint (Fig. 4A) . The pattern of ADAMTS-1 mRNA regulation by hCG in theca interna was found to be distinct from what was observed in granulosa cells, with a single, sharp increase in mRNA levels occurring at 33 h (P,0·05), followed by a return to basal levels by 36 h. An apparent 4-fold increase in PR transcript abundance in theca interna was also found to occur late in the ovulatory process (30-33 h post-hCG), but mRNA levels were not found to be significantly different from 0 h post-hCG (P.0·10).
Discussion
Many of the important advances in our understanding of molecular ovarian physiology have Figure 5 Regulation of ADAMTS-1 and PR mRNAs in isolated granulosa cells and theca interna during hCG-induced ovulation. Isolated granulosa cell (A) and theca interna (B) mRNA preparations were obtained from preovulatory follicles at the indicated times after the administration of an ovulatory dose of hCG. ADAMTS-1, PR and GAPDH mRNA levels were quantified using the LightCycler system, and the data were normalized by calculating ADAMTS-1:GAPDH or PR:GAPDH copy number ratios. Data are represented as the means of these ratios (columns)±S.E.M. (error bars). Four samples were analyzed per timepoint, except (A) t=33 h (ADAMTS-1 and PR), t=36 h (PR only) and t=39 h (PR only), and (B) t=0 h and t=33 h (ADAMTS-1 and PR), where n=3. Statistically significant difference from 0 h post-hCG (P<0·05) is indicated with an asterisk (*). been gained through the use of well-established rodent models (Richards 1994) . This is clearly due to several technical and practical advantages of working with rodents, not the least of which is the possibility of genetic manipulations (Nishimori & Matzuk 1996) . Despite these advantages, however, the information derived from rodents does not always serve as an accurate predictor of what occurs in large monoovulatory species. This has been demonstrated notably by a recent series of studies in equine preovulatory follicles, which showed that several genes involved in steroidogenesis and ovulation exhibit spatial and temporal expression patterns within the follicle that are different from what has been reported in rodents (Boerboom & Sirois 1998 , Boerboom et al. 1999 , Kerban et al. 1999a ). The present study further emphasizes these differences by demonstrating distinct patterns of ovarian ADAMTS-1 and PR expression and regulation. Notably, the prolonged, biphasic regulation of ADAMTS-1 transcripts by hCG in equine granulosa cells contrasts with its rapid, monophasic induction observed in rodents (Pinter et al. 1996 , Espey et al. 2000 , Robker et al. 2000a . Also, while the theca interna is clearly an important site of ADAMTS-1 and PR expression in equine preovulatory follicles, in situ hybridization studies suggest their expression in the rodent ovary is limited to granulosa cells (Pinter et al. 1996 , Espey et al. 2000 , Robker et al. 2000a . These data may reflect distinct roles for these genes in follicular development and luteinization in each species, and further highlight the importance of studying both mono-and polyovulatory animal models of ovarian physiology. The analyses of the tissue distribution of ADAMTS-1 mRNA reported herein feature several unexpected findings. Most notably, this is the first report of the detection of ADAMTS-1 mRNA in lymph nodes, the male reproductive tract, the mature corpus luteum and the theca interna cell layer of the ovarian follicle (Vazquez et al. 1999 , Miles et al. 2000 . The presence of high levels of ADAMTS-1 mRNA were particularly unexpected in the two latter tissues, considering that the corpus luteum undergoes remodeling that necessitates extensive neovascularization, and ADAMTS-1 mRNA levels increase in the theca interna at a time associated with the presence of increased numbers of thecal blood vessels (Kerban et al. 1999b) . These data are thus in apparent contradiction with the proposed anti-angiogenic activity of ADAMTS-1 (Vazquez et al. 1999) . Ovarian ADAMTS-1 would somehow need to exert its biological function without inhibiting angiogenesis, perhaps by post-translational modification. Alternatively, its anti-angiogenic properties may simply be overwhelmed at certain times during the ovulation/luteinization process by a preponderance of pro-angiogenic activities present in the follicle wall and corpus luteum. It should be noted, however, that other biological evidence downplaying the anti-angiogenic properties of ADAMTS-1 has been reported. For instance, ADAMTS-1 expression has no apparent impact on vascular density in certain tumors (Masui et al. 2001) , and the ADAMTS-1 / mouse features a paradoxical deficiency in adrenal medulla capillary formation (Shindo et al. 2000 , Tang 2001 ). The role of ADAMTS-1 in angiogenesis thus may be complex and tissue-specific.
ADAMTS-1 and PR regulation in equine follicles
The present study is the first to report the primary structure of the ADAMTS-1 transcript and protein in a monoovulatory nonprimate species. Among the most highly evolutionarily conserved elements identified in the equine ADAMTS-1 protein is the region encompassing the thrombospondin type I domains and the spacer region. This region is found in ADAMTS proteins and the ECM-associated glycoproteins punctin (ADAMTSL-1), lacunin and papilin, and has recently been termed the 'papilin cassette' (Nardi et al. 1999 , Kramerova et al. 2000 , Hirohata et al. 2002 . As the murine ADAMTS-1 papilin cassette has been demonstrated to function as an ECMbinding domain (Kuno & Matsushima 1998 , Kuno et al. 1999 , this cassette may permit the ADAMTS, ADAMTSL, lacunin and papilin protein families to associate with the ECM. In the case of ADAMTS-1, binding to the ECM presumably serves to target its proteolytic activity to where its substrates are located. As ADAMTS-1 has been shown to degrade the large aggregating proteoglycans aggrecan, brevican and versican (Sandy et al. 2001 , Richards et al. 2002 , it has been proposed that ADAMTS-1 could act upon follicular proteoglycans which inhibit certain growth factors and gonadotropins, and could thereby increase their bioactivity (Richards et al. 2002) . Alternatively, proteoglycan cleavage could also impact upon cell migration by modulating cell-cell and cell-ECM adhesion, a function that the ADAMTS-1 disintegrin domain may also perform by disrupting the binding of cellular integrins to ECM proteins (Salustri et al. 1999 , Evans 2001 . Consistent with this, equine granulosa cells become noticeably detached from each other and from their basement membrane within 12 h post-hCG, in a manner concurrent with ADAMTS-1 induction (Kerban et al. 1999b ). This could serve to disperse the luteinizing granulosa cells within the mucoid web that accumulates in the antrum during the ovulatory process (Kerban et al. 1999b) , thereby permitting proper formation of the corpus luteum. Perhaps ADAMTS-1 expression then persists in the corpus luteum so as to permit its formation, remodeling and/or regression. Validation of these hypotheses will obviously require the identification of the biologically relevant ovarian substrates of ADAMTS-1.
The coordinate regulation of PR and ADAMTS-1 mRNAs by hCG in equine granulosa cells during the initial, transient induction phase at 12 h post-hCG is in apparent agreement with the proposed function of PR as a regulator of ADAMTS-1 expression in rodents (Espey et al. 2000 , Robker et al. 2000a . However, the absence of a significant secondary rise in PR in granulosa cells and of a significant increase of PR mRNA in theca interna preclude any definitive association between the two transcripts in the equine follicle. Additional studies involving larger numbers of follicles and/or investigating the regulation of ADAMTS-1 and PR proteins will help resolve this issue. Interestingly, a recent study in cattle, another monoovulatory species with a long ovulatory process (28-30 h post-gonadotropin-releasing hormone (GnRH)), demonstrated a biphasic pattern of PR mRNA regulation in cows, with primary and secondary increases observed at 6 and 24 h post-GnRH respectively (Jo et al. 2002) . These data differ from what is reported herein in that the kinetics of PR mRNA regulation in equine granulosa cells were more drawn-out, likely reflecting the longer equine ovulatory process in mares (39-42 h post-hCG). Also, the elevated levels of PR expression observed before hCG treatment in mares (i.e. at 0 h) were not observed in cows. This may be caused by the unusually progressive preovulatory rise in circulating gonadotropin levels that occurs in horses (Daels & Hughes 1993) , which could result in PR expression before the ovulatory process is induced. Why this does not in turn lead to appreciable ADAMTS-1 expression in early preovulatory follicle granulosa cells is unknown, and may involve a transcriptional repression mechanism to prevent premature ADAMTS-1 expression.
In summary, this study describes for the first time the structure of the equine ADAMTS-1 transcript, as well as its distinct regulatory patterns in two separate follicular cell types during the hCGinduced ovulatory process. The biphasic pattern of ADAMTS-1 mRNA regulation in granulosa cells suggests the presence of both early and late hormonally induced gene regulatory events, at least in species with long ovulatory processes. In this regard, the exceptionally protracted equine ovulatory process permitted a high-resolution timecourse analysis of gene regulation. This study therefore highlights the value of the horse as a model system for the study of ovarian gene regulation, a model which will certainly serve to further elucidate the role of ADAMTS-1 in monoovulatory ovarian physiology.
